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Starch is an important raw material both for food and non-food purposes. It is 
synthesized and stored in source and sink tissues in plants. The starch deposited in 
amyloplasts of storage tissues possesses several physico-chemical properties, 
which makes it desirable for diverse applications. For industrial applications, 
starches high in either amylose or amylopectin are preferred in order to minimize 
chemical modification. The main purpose in our research is to understand starch 
synthesis in the sorghum endosperm, and use this information to generate 
transgenic sorghum with novel starches for both human diet and industrial 
application. In starch biosynthesis, the activity and expression profile of starch 
branching enzymes is important in determining both the yield and proportion of 
amylose and amylopectin. This thesis describes some of the characteristics of 
starch branching enzymes and their genes in sorghum.  
The genes encoding two SBE isoforms, SBEIIa and SBEIIb, were cloned and 
characterised. Comparison of the SBEIIb amino acid sequence with sequences 
from related species revealed a conserved core stretch of amino acids believed to 
harbor the catalytic site of the enzyme. Spatial expression patterns showed that the 
activity of sorghum sbeI and sbeIIb are seed-specific, while sorghum sbeIIa is 
expressed in endosperm, embryonic and vegetative tissues. We demonstrated that 
endosperm-specific expression of barley sbeIIb is governed by the second intron 
of the barley sbeIIb gene, and that the same second intron can confer endosperm 
specific expression to both sorghum sbeIIb and barley sbeIIa. This implies that a 
similar regulation factor in barley, which interacts with sequences within the 
intron, is also present in sorghum. Deletion mutagenesis of the sorghum sbeIIb 
promoter showed that a,  1-kb  fragment 5´ of the transcriptional start site 
constitutes the minimal promoter capable of high level expression. Diurnal 
expression profiles suggested that an endogenous oscillator in the endosperm 
controls expression of sbeI, sbIIa and sbeIIb. 
 
Keywords: amylose, amylopectin, expression, regulation, second intron, transgenic 
sorghum. 
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1. Introduction 
 
 
1.1.  Overview of Sorghum  
Sorghum is the fourth most important cereal crop trailing behind rice, maize and 
wheat. However, it is ranked second to maize in supply of grain requirement 
within sub-Saharan Africa. Sorghum lags behind, compared to other cereals, in 
applications of biotechnological tools to improve yield, grain quality and yield 
stability. Over the years, conventional breeding has only offered limited 
improvement in sorghum production but its potential in grain productivity is yet to 
be exploited. Historically, sorghum was domesticated some 5000 years ago in 
Ethiopia and spread to all the six continents (Fig. 1). Available records indicate 
that world sorghum production was approximately 60 million tonnes in 2000 
(FAO;  http://www.fao.org/ag7magazine/0202sp2  accessed 2
nd July 
2004), most of it being produced in developing countries for food, feed and non-
food applications. In most of these countries, sorghum is the main source of starch 
for human diet. To date, over 500 million people in the developing countries 
depend on sorghum as the main staple food. In other countries, sorghum starch is 
mainly used in livestock feed formulations and as a cheap source of raw material 
for industrial applications. 
 
Anatomically, a mature sorghum grain has three basic features, namely, pericarp 
(6%), germ (10%) and endosperm (84%) (Hubbard et al., 1950). The pericarp is 
the outermost structural component and is composed of layers of thick cutin and 
pigments that give the grain a characteristic colour of brown or white. Most, if not 
all, biosynthesis and granule formation of storage starch occurs within the 
endosperm zones. Indeed, a direct comparisson between sorghum and maize starch 
was made to analyse and quantify its proportion in a grain. A starch analysis 
revealed that sorghum contains high amounts of starch per grain, constituting 63-
68% of the grain volume, while maize contains 60-64% starch per grain. However, 
sorghum starch is less digestible compared to maize starch (Dreher, Dreher & 
Berry, 1984) which could be partly due to high levels of protein bodies and 
tannins which encapsulate starch granules, making the starch molecules partially 
inaccessible to enzymes responsible for degradation. Although starch granules 
within the peripheral cells of endosperm tissue are densely packed and embedded 
into protein bodies, these protein bodies decrease as starch content increases from 
the outer to the central region of the endosperm (Chandrashekar and Kirleis 
(1988).  It has been shown that processing or cooking sorghum grain enables the 
proteins to impact positively on quality characteristics of functional foods such as 
composite breads, which have  no gluten proteins abundant in wheat flour 
(Bugusu et al., 2001). These authors observed that the sorghum proteins have 
great potential as functional component in baking products and could be improved 
further  through protein engineering.  
 
The potential value of sorghum, a C4 plant, is derived from its ability to grow in 
marginal areas lacking sufficient moisture and fertility unfeasible to support 
production of maize, wheat or rice. Consequently, sorghum holds the potential to 
supply a greater share of the world’s grain demand. This congruency makes expansion of sorghum starch production and utility feasible as a main alternative 
to maize starch for food and non-food products. Besides, sorghum is one of the 
most versatile crops in terms of its utility, for example, the boiled grains is a 
perfect source of dietary fibre, flour for porridge, ugali, beer, cakes, chapatis 
animal feed, sugar syrups, liquid fuel and firewood from stem and roots.  
 
 
Figure 1. Schematic drawing of the global sorghum growing areas. Area marked with red 
represent the centre of origin and areas marked in green represents the main producing 
regions. 
 
In recent years, sorghum starch has been used in industries such as 
pharmaceutical, textile and paper. In India, the second largest producer of 
sorghum in the world, the sorghum grain is largely used for animal feed, starch 
and alcohol industry. Development of technologies for industrial application of 
grain starch, such as biodegradable plastics, cosmetics, adhesives, surfactants, 
glues and as a biodegrade in fertilizer industries, will ultimately make sorghum 
starch more competitive in the industrial sector. 
  
Based on these enormous benefits treasured by sorghum, current molecular 
approaches can be utilized to impact sorghum productivity for development and 
more importantly, contribute to improvement of livelihood of millions of farmers 
living in the marginal rural areas of the developing world. 
  
 
1.2. Endosperm  development 
Endosperm is a complex plant organ comprising starchy endosperm, aleurone 
layer, transfer cells and cells surrounding the embryo. It is the principal 
heterotrophic storage organ for starch and other deposits of carbon in cereal 
plants. In the recent years, research efforts have been expended in understanding 
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the development of endosperm and its importance in anabolism of the developing 
seed. On this respect, several proposals have been advanced to explain the 
evolutionary origin of the endosperm, but the general agreement is that the nuclear 
endosperm originated from a modified second embryo. The endosperm has 
evolved over the years as a specialized independent storage organ (William & 
Friedman, 2002).  
 
Initiation of endosperm development starts with a sequential process of double 
fertilization, resulting in a triploid organ, commonly referred as nuclear endosperm 
(Olsen 2001; Berger 2003). Starchy endosperm is the main and most important 
tissue in accumulation of plant products of economic importance such as starch, 
proteins and lipids. In general, the endosperm undergoes four major 
developmental stages; sycytrial, cellularization, differentiation and maturation. In 
early stages, during cellularization, division of nuclei characterizes the endosperm 
in absence of cell wall between the daughter nuclei results in multinucleated cells in 
contrast to single nuclei in somatic cells. This process continues for approximately 
three days in barley (Olsen 2004) and 5 days in wheat (Lan et al., 2004) before the 
nuclear division ceases and denucleation starts. Denucleation is the first stage of 
apoptosis when programmed cell death in endosperm starts in addition to 
mitochondrial degeneration. Lan et al. (2004) showed that, during nuclear 
degradation, starch synthase and starch branching enzymes in rice show an 
increased enzymatic activity, which implies that starch accumulation and 
endosperm cell initiation are distinct separate processes in endosperm 
development. The starchy endosperm cell differentiation leads to formation of two 
distinct morphological structures,  inner endosperm cells and inner daughter cells 
of the aleurone layer, both of which are major sites of reserve storage (Jane, 
2004). During grain development, endosperm cells are gradually filled with 
protein bodies and amyloplasts, the main site of starch biosynthesis. Several 
amyloplasts surrounds each nuclear in starch endosperm cells. In starch 
biosynthesis, amyloplasts essentially imports metabolites from the cytosol for 
ADP-glucose synthesis. This metabolite, ADP-glucose, is synthesised from 
glucose-1-phosphate and ATP, and it is the main precursor for starch synthesis. 
The ADP-glucose is consequently used as a substrate by isoforms of starch 
synthase enzymes in amylose and amylopectin synthesis. The pathway in starch 
synthesis and formation of starch granules in the amyloplasts is extensively 
discussed in this thesis.   
 
In cereals, starch that accumulates in the endosperm occurs in two forms of 
granules, A- and B-types, shown in Fig. 2. However, the diferent granules are 
organised the same way. In wheat, initiation of A-type granules starts 
approximately four days earlier than the B-type granules (Emes et al., 2003), 
implying that formation of different granule types is developmentally regulated. It 
was suggested by Hizukuri (1986) that the crystalline and amorphous lamellae are 
determined mainly by arrangement of amylopectin chains within a granule (Fig. 
3).  Sorghum head
A-type granule
B-type granule
A. B.
 
 
Figure 2. Schematic overview of sorghum and starch granule 
structure.  A. Sorghum head showing developed grains B. Starch 
granule structure with A- and B-granules. 
 
 
1.3.  Starch structure and characteristics 
Starch is the most abundant form of carbohydrates in the biosphere, next to 
cellulose. It is the primary source of energy for both animals and plants. In nearly 
all plants, two starch deposits exist, transitory starch and storage starch, 
synthesized in chloroplasts and amyloplasts, respectively. 
 
1.3.1.  Amylose and Amylopectin 
Amylose and amylopectin are the two main components of starch (Fig. 3). In most 
plants, the total native starch consists of 20 to 30% amylose and 70 to 80% 
amylopectin. The proportion of amylose and amylopectin molecules and the length 
of glucan chains govern the size and structure of starch. 
 
Anhydroglucose units linked in linear α-1,4 glycosidic linkages with a few α-
1,6 bonds at the branching points forms amylose. However, presence of branching 
points does not alter the structural characteristics of amylose, which strictly 
remains linear. Compared to amylopectin, amylose molecules are smaller, 
generally made of 200 to 2000 glucose units and form a helical complex with 
iodine resulting in a characteristic blue colour. 
 
The synthesis of amylose is mainly catalyzed by GBSSI in most storage tissues. 
Initiation of amylose synthesis requires an amylopectin chain as a primer, 
followed by elongation of the growing amylose chain (Denyer et al., 1996). These 
chains can be branched by SBE or cleaved by a hydrolytic enzyme, which 
determines the chain length. In cereals, mutant deficient in GBSSI activity has 
been identified with little or no amylose (Morrison et al., 1984). Similarly, mutants 
high in amylose have been reported in maize and barley and production of high-
amylose potato through antisense inhibition has been attempted (Schwall et al., 
2000). 
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Amylopectin is the main component of starch and it consists of a highly branched 
polyglucan. Structurally, amylopectin  consists of linear α-1,4 linkages with α-1,6 
bonds at the branching points. The branching points are formed approximately 
every 10 to 20 anhydroglucose units, while a single amylopectin molecule 
containing 10
3 to 10
4 anhydroglucose units. The multiplicity in branching of 
amylopectin leads to formation of A-, B- and C-chains as defined by Peat et al. 
(1952) (Fig. 3). The outer A-chains are linear and contain a potential non-reducing 
end. The B- and C-chains both carry one or more A- and /or B-chain (Buleon et 
al., 1998). Generally, there is only one C-chain containing the reducing end in 
each amylopectim molecule. The  synthesis and packing of amylopectin molecules 
into granules is regulated by the enzymatic reactions governing starch 
biosynthesis. 
 
1.3.2.  Transitory and storage starch 
Broadly, transitory starch is synthesized in chloroplasts of photosynthetic active 
leaves during the light period and degraded at night, resulting in diurnal 
fluctuation of leaf starch. Degradation of transitory starch is facilitated by the 
activity of phosphorylase and amylase, which are hydrolytic enzymes, to form 
small polysaccharides or simple sugars, which replenish metabolite requirement in 
sink tissues. Sucrose is the main form of sugars transported through the phloem 
tissue to the sink cells. It is hydrolyzed into hexose sugars, which form a part of 
the general metabolic pool of the cell. This inter-conversion between starch and 
sugars occurs during the whole life cycle of the plant (see review by Emes et al., 
2003). 
 
Storage starch is synthesised and deposited in amyloplasts of plant organs such 
as endosperm, fruits, embryo, tubers and roots. Unlike photosynthetic plastids, 
amyloplasts import or generate all assimilates and precursors for starch synthesis 
mainly from hexose sugars from the cytosol. However, the process of starch 
synthesis is similar in source and sink tissues, which is mainly controlled by four 
enzymatic reactions catalyzed by AGPase, starch synthases, starch branching 
enzymes and debranching enzymes (Smith et al., 1997). Generally, it is expected 
that the differential expression pattern of these enzymes determines the type of 
starch polymers synthesized in various plant tissues. Accordingly, precise activity 
of the exzymes involved in starch biosynthetic pathway generates amylose and 
amylopectin molecules, the principal components of starch. Comparatively, 
transitory starch has been shown to contain relatively high amylose:amylopectin 
ratio (Matheson, 1996). This phenomenon is largely because of reduced or lack of 
branching activity of enzymes such as SBEI and SBEIIb in photosynthetic tissues. 
 
 
1.3.3.  Granule structure and characteristics 
Starch granules are synthesized in a semicrystalline form. The granules vary in 
size and shape  and also differ in amylose:amylopectin ratio depending on their 
source. In potato, the granules measure upto 75 µm in diameter while sorghum has 
granules that are 3-27 µm in diameter. In cereals such as maize, barley and rye, 
starch granules are packed with a bimodal size distribution, with large lens-shaped A-granules and small spherical B-granules (Fig. 2) (MacGregor & Fincher, 1993; 
Ellis et al., 1998). However, all the  granules are formed in a similar pattern, with 
non-reducing ends of a starch components pointing outwards in an organized 
arrangement, leading to formation of crystalline and amorphous lamellae, 
alternating periodically at approximately 9 nm (Smith, Denyer & Martin, 1997). 
Generally, the structure of the granule is determined by the mode of packing of 
amylopectin molecules. A high degree of organization of amylopectin molecules 
and clustering of linear chains, permit the chains to align in parallel positions, 
forming a crystalline lamella. Consequently, the branching points of the 
amylopectin molecule forms the amorphous portion of the granule (Fig. 3). 
 
 
 
 
A-type crystalline
B-type crystalline
E D 
C B A 
C chain
B chains
A chains
  Amylopectin Amylose 
Amorphous 
Crystalline 
regions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Schematic representation of different levels of starch granule arrangement. A. 
Amylose structure B. Amylopectin molecule showing A-, B- and C-chains. C. Arrangement 
of amylopectin clusters forming alternating crystalline and amorphous regions. D. Cross 
section of entire granule showing packing arrangement of amylopectin and amylose and E. 
Crystalline arrangement of double helices of A- and B-type crystallites. 
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In starch granules, there are two main types of crystalline structure, A- and B-
types, which differ in symmetry and organization of amylopectin (Fig. 3). A-type, 
found in cereals, have densely packed short chains of amylopectin enabling the 
granule to accommodate minimal amounts of bound water (James, Denyer & 
Myers, 2003). On the contrary, B-type crystalline granules, observed in starches of 
potato and other tuber crops are believed to possess longer amylopectin chains 
than A-type, and contain cell structures that are capable of holding water 
molecules (Hizukuri, 1985). During the process of starch accumulation, other 
factors such as lipids, phosphate derivatives and environmental conditions are 
reported to affect the crystalline structure and, consequently, the functional 
properties of the starch (Buleon et al., 1998; Jane et al., 1999). The physical 
properties of starch are determined by the amylose:amylopectin ratio, the chain 
length distribution of amylopectins and complex formation with lipids and 
phosphates (Morrison et al., 1984). 
 
 
1.4.  Starch Biosynthesis  
Starch is a complex polymer of glucose units linked together by glycosidic bonds. 
As decribed above, it consists of two main components, amylose molecules that 
mainly consists of linear glucose units linked by 1,4-glycosidic bonds with few 
1,6-glycosidic linkages, and highly branched amylopectin molecules that have 
additional 1,6-glycosidic bonds. Amylopectin has distinct structural characteristics 
and its is synthesised by multiple isoforms of enzymes. Starch metabolism in both 
chloroplasts and amyloplasts is controlled mainly by five groups of enzymes: i) 
ADP Glucose Pyrophosphorylase, ii) Starch synthase, iii) Starch branching 
enzymes, iv) Debranching enzymes and v) Amylases and phosphorylases.  
 
1.4.1. ADP Glucose Pyrophosphorylases 
The first step in starch biosynthesis in all plant organs is initiated by adenosine 
glucose pyrophosphorylase (AGPase) that catalysis the formation of ADP-glucose, 
the substrate for the synthesis of starch polymers. Synthesis of ADP-glucose from 
glucose-1-phosphate requires ATP and results in subsequent release of inorganic 
phosphate (PPi). In most plant tissues, AGPase is allosterrically regulated by 3-
phosphoglycreic acid as an activator and PPi as an inhibitor, a regulatory 
mechanism strongly believed to account for the rate limiting condition in starch 
biosynthesis. 
 
The AGPase enzyme is tetrameric, consisting of two large and two small 
subunits, which share high similarities, but they are distinguishable by features of 
their amino acid sequences. A highly conserved region in the small subunit is 
believed essential for substrate specificity. Expression of AGPase sub-units may 
differ among plants. In barley, two genes encoding for the large subunit are 
differentially expressed in leaf and endosperm (Smith, Denyer & Martin, 1997).  
This suggests that the functional AGPase in leaves may differ from that in the 
endosperm, a phenomenon that offers selective advantage for specific target 
expression in genetic engineering. 
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The occurrence of AGPase activity in plastids is widely established. However, 
some studies have demonstrated additional occurrence of cytosolic AGPase 
activity in cereal endosperm but not in other sink tissues (Fig. 5) (Denyer et al., 
1996; Beckles, Smith & ap Rees, 2001). Accordingly, it seems that cytosolic 
AGPase facilitates direct conversion of large proportion of sucrose in the 
endosperm into starch. 
 
1.4.2. Starch synthases 
Starch synthases (SS) catalyze the addition of glucosyl units to non-reducing ends, 
elongating an existing α1,4-glucan chain. To date, atleast six isoforms of SS have 
been identified in plants  and are grouped into two main classes; granular bound 
starch synthase (GBSS) and soluble starch synthase (SSS) (Jiang et al 2004; Li et 
al., 2000, 2003; Tenorio et al., 2003). It is well established that GBSSI is the key 
enzyme responsible for amylose synthesis in sink tissues (Denyer et al., 1996; 
Ball, Wal & Visser, 1998; Tomlinson. & Denyer, 2003.). There is growing 
evidence that maltose oligosaccharides derived from modification and cleavage of 
irregular chains of amylopectin are the main substrates of GBSSI (Smith, Denyer 
& Martin, 1997). Though this enzyme has been shown to be tightly bound to the 
starch granule (Denyer et al., 1993; Mu-Forster et al., 1996), the matrix between 
amylopectin molecules is believed to be the site of amylose synthesis and 
deposition. From these observations, it is believed that amylose synthesis could be 
controlled by space availability within the amylopectin matrix and or  substrate 
accessibility.  Smith, Denyer & Martin (2000) postulated that increasing GBSS1 
above the threshold may not increase amylose content beyond 20%. However, this 
opinion may hold in specific prevailing conditions but it can be complicated by 
environment-genotype interaction during gene expression. It is documented that 
during starch biosynthesis, high temperatures decrease metabolite availability and 
enzyme activity associated with the starch pathway (Hurkman et al., 2003). It was 
noticed that amylose concentration was slightly higher in wheat grains produced 
under high temperature conditions. This phenotypic variation in starch 
composition was strongly related to mRNA levels and duration of expression of 
genes involved in starch accumulation. In related studies, it was shown that 
oscillations of GBSSI mRNA levels in leaves of snapdragon (Merida et al., 1999) 
and Arabidopsis (Tenorio et al., 2003) were regulated by a circadian clock.  
 
Mutants deficient in GBSSI activity, waxy, have been identified in several plants 
such as maize (Hixon & Brimhall, 1968), wheat (Nakamura et al., 1995), rice 
(Murata, Sugiyama & Akazawa, 1965), barley (Ishikawa, Ishihara & Itoh, 1994) 
and potato (Hovenkamp-hermelink et al., 1987), with little or no amylose starch in 
sink tissues, confirming GBSSI as responsible for amylose synthesis. However, 
amylose and different amylose:amylopectin ratios (compared to that of 
endosperm) have been detected in tissues such as pericarp and leaves  of wheat 
(Nakamura et al., 1998)  and pea (Tomlinson, Lloyd & Smith, 1997.), indicating 
that GBSSI is not the sole enzyme responsible for amylose synthesis. Interestingly, 
a second GBSS, GBSSII, has been cloned in wheat and has been shown to be 
responsible for synthesis of amylose in non-storage tissues of waxy mutants in 
cereals (Vrinten & Nakamura, 2000). It was observed that GBSSII expression was   17
abundant in waxy pericarp and leaf  while GBSSI was preferentially expressed in 
wheat  endosperm (Vrinten & Nakamura, 2000) 
 
Unlike GBSS isoforms, SSS are partially granular bound or soluble proteins 
within the starch granules and they catalyse the transfer of glucosyl units, the 
products of the AGPase reaction to non-reducing end of glucan chains leading to 
extension of the amylopectin molecule. There are at least three SSS isoforms, SSI, 
SSII and SSIII, identified in higher plants. Although each isoform contributes to 
amylopectin synthesis, they possess different kinetic properties and seem to extend 
specific subset of glucan chains, as suggested by Li et al. (2000). In cereals, SSII 
and SSIII are the main contributors in amylopectin synthesis and their expression 
pattern vary among tissues. In wheat, the gene encoding SSIII is expressed earlier 
than those encoding SSI and SSII during endosperm development (Li et al., 
1999a; 1999b; 2000). Whereas SSII activity  dominates in cereal endosperm (Li et 
al., 2003, Morell et al., 2003) it constitutes barely 20% soluble synthase activity in 
tubers (Edwards et al., 1999). Interestingly, a SSIIa mutant in barley  produced 
high levels of amylose and reduced amylopectin starch (Morell et al., 2003). In 
contrast, antisense inihibition of potato SSII or SSIII had no major effects on 
starch structure in the tubers (Edward et al., 1995). These observations suggest 
that the importance of SSII vary among crop species but its specific role in starch 
biosynthesis can not be complemented  by other isoforms in cereals. 
 
Characterization of  SSI isoform has been done in a few plant species. In maize 
and barley, the genes encoding SSI isoforms are predominantly expressed in 
endosperm (Knight et al., 1998; Li et al., 2000) while in rice and potato, the 
transcripts are more abundant in leaves (Baba et al., 1993; Kossmann et al., 1999). 
 
1.4.3. Starch branching enzymes 
Starch branching enzymes (SBEs) form the branching points in amylopectin and 
rarely in amylose polymers. These enzymes hydrolyze α-1,4-glycosidic linkages 
and re-attach the chain to α-1,6-positions of the growing glucan chain. A single 
hydrolytic event accompanied by formation of an α-1,6-linkage leads to creation 
of new non-reducing ends that serve as potential sites for chain elongation by 
starch synthases (See review by Kossmann & Lloyd, 2000).  
 
The middle region of the SBE amino acid sequences contains a conserved 
(β/α)8-barrel domain, common to all amylolytic enzymes. Previous studies by 
Jespersen et al. (1993) proposed that the domain harbors a catalytic centre while a 
more recent study by Kuriki, Stewart & Preiss (1997) suggests that the substrate 
specificity region of SBE is located within the carboxyl terminal. 
 
Multiple isoforms of SBE have been reported in various plant species, such as 
barley  (Sun et al., 1998), wheat (Morell et al., 1997), maize (Boyer & Preiss., 
1978; Gao et al., 1996), rice (Mizuno et al., 1992), pea (Denyer et al., 1993), 
potato (Larsson et al., 1996) Arabidopsis (Fisher et al., 1996) and sorghum (Paper 
I) of this thesis. These isoforms are classified into two distinct families based on 
sequence homology (Burton at al., 1995). The families, SBEIs (family B) and 
SBEIIs (family A) differ in their enzymatic properties.  In maize, it has been 
shown that SBEI has higher affinity for amylose while SBEII has a higher rate of   18
branching amylopectin than SBEI (Guan and Preiss., 1993). In comparison, SBEI 
transfers longer glucan chain than SBEII (Takeda, Guan & Preiss, 1993). 
Accordingly, it has been reported that changes in the ratio between SBEI and 
SBEII isoforms are responsible for differences in starch structure during seed 
development (Burton et al., 1995). 
 
In major cereals such as maize, wheat, barley (Gao et al., 1997; Morell et al., 1997; Sun 
et al., 1998) and sorghum (Paper I and III), two isoforms of SBEII, SBEIIa and 
SBEIIb have been identified and characterized. Similarly in rice, the isoforms 
corresponding to SBEIIa and SBEIIb are denoted as SBE3 and SBE4, respectively 
(Mizuno et al., 1993). The two closely related isoforms share a high degree of 
homology (about 90%) in the central potion of the enzyme. A longer N-terminal in 
SBEIIb compared to SBEIIa is the main distinguishing feature between the two 
isoforms (Martin & Smith, 1995; Sun et al., 1998). In barley, this extended N-
terminus is 94 amino acids longer than that of SBEIIa and its specific function 
remains elusive (Sun et al., 1998). 
 
The genes encoding SBEI are generally expressed earlier than those encoding 
SBEII. In cereals, the spatial expression pattern shows that sbeI and sbeIIb are 
predominantly expressed in endosperm while sbeIIa is expressed in all tissues. 
However,  sbeIIb in maize (Gao et al., 1997), is also expressed in the embryo 
unlike in rice (Yamanouchi & Nakamura, 1992) and barley (Sun et al., 1997) 
where sbeIIb expression is endosperm-specific. The reasons for having different 
isoforms of SBE in plants are poorly understood. It has been reported that 
mutations in sbeIIb genes resulted in an increased proportion of amylose in maize 
and rice (Mizuno et al., 1993; Kim et al., 1998). Interestingly, no mutants in SBEI 
and SBEIIa have been reported so far and this could be because the resultant 
phenotype is unable to survive environmental selection pressure. 
 
  In potato, antisense inhibition of sbeI had little effect on starch accumulation 
while  sbeII antisense-inhibition resulted in a noticeable increase in amylose. 
Furthermore, when both sbeI and sbeII were down-regulated, a remarkable 
increase in amylose content was observed (Schwall et al., 2000). Put together, 
these observations lead us to suggest that the physiological activity of each SBE 
isoforms is distinct and cannot be complemented by another. 
 
Upto date, the mechanism regulating the sbe genes is poorly understood. It is 
generally assumed that expression of these genes are controlled by a complex 
network of interactions among genes, metabolites, environmental conditions and 
transcription factors (Tenorio et al., 2003). A transcription factor family involved 
in the regulation of sbe genes was recently isolated (Sun et al., 2003). 
 
1.4.4. Debranching enzymes 
It is well established that DBEs play an important role in determining starch 
structure and granule characteristics during starch biosynthesis. In most plants, 
two families of DBEs namely, isoamylase- and pullulanase-types, have been 
identified and classified according to substrate specificity. Isoamylase can use 
glycogen as a substrate but not pullulan while pullulanase uses pullulans as 
substrate but not glycogen. However, both types of DBEs hydrolyze α-1,6   19
glycosidic linkages, a distinctive role important in trimming extensively irregular 
branches in amylopectin molecules (Ball & Morell, 2003). 
 
Among the DBEs, isoamylase-types have been widely studied in several plant 
species. It is known that in maize, the sugary1 mutant, lacking or deficient in DBE 
activity tends to accumulate water-soluble polysaccharides, termed phytoglycogen, 
in addition to starch (Pan & Nelson 1984). Similarly, orthologous mutations in 
rice,  sugarly1 (Nakamura, 1996), barley, isa-1 (Burton et al., 2002), and 
Arabidopsis,  dbe1 (Zeeman et al., 1998) resulted in accumulation of   
phytoglycogen and reduced starch content. Reduction in isoamylase activity also 
correlates with reduced pullulanase activity. Based on these observations, Ball et 
al. (1996) proposed that amylopectin molecules are synthesized in a discontinuous 
mechanism accompanied by highly specific cleavage of glucan chains. 
  
Recent studies on the role of isoamylase in starch metabolism has revealed that 
sugary1 mutants in barley showed an increase in granule initiation sites, resulting 
in an increased number of granules during the early stages of endosperm 
development (Burton et al., 2002). It is believed that this increase in granule 
number could be a consequence of accumulation of large amounts of 
phytoglycogen polymers. At least three distinct isoamylases have been isolated in 
several plant species, such as Arabidopsis, wheat and potato. In potato, two 
isoforms are known to form a heterotetramer that inhibits starch granule initiation 
in tubers (Bustos et al., 2004).  
 
1.4.5. Amylases and phosphorylases 
Transitory starch or storage starch is degraded with the help of amylase and 
phosphorylase, when glucose supply is required for various biochemical processes 
in plants. Amylases hydrolyze  α-1,4-glycosidic linkages of starch molecules into 
shorter oligosaccharides, which are further degraded to release glucose molecules. 
Amylases are sub-divided into α-amylase and β-amylase. The α-amylases degrade 
starch molecules by cleaving bonds within the chain, while β-amylases cleave the 
glycosyl linkages from the non-reducing end and  stops the degradation activity on 
encountering a branching point. In maize, four isozymes of  α-amylases, I, II, III, 
and IV, have been identified (Subbarao et al., 1998). Expression of α-amylase III 
is endosperm-specific while that of α-amylase II occurs in both aleurone layer and 
endosperm. Expression of  α-amylases is induced by gibberellic acid secreted by 
the embryo. At the transcription level, the presence of abscissic acid dominantly 
inhibits α-amylase activity. 
  
Phosphorylases likewise degrade starch by catalyzing insertion of phosphoryl 
groups from inorganic pyrophosphate into α-1,4-glycosidic bonds,  releasing 
glucose-1-phosphate. This type of hydrolysis occurs in the cytosol resulting into 
formation of glucose-1-phosphate.  
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2. Present investigation 
To gain insight in starch metabolism in sorghum, we undertook to investigate 
expression profiles of key enzymes crucial in determining starch structure and 
granule characteristics. In this work, we aimed at studying and characterizing 
starch branching enzymes and the genes that encode them. The long-term 
objectives are to contribute towards understanding regulation of starch 
biosynthesis in sorghum and to generate transgenic sorghum with modified starch 
content.  
 
Most of the methodologies used in this study are presented in Paper I to IV. 
 
2.1. Cloning  of  sbeIIa and sbeIIb (Paper I & III) 
In order to characterize genes encoding starch branching enzymes in sorghum, we 
set out to isolate genomic clones for sbeIIa and sbeIIb genes from a Bacterial 
Artificial Chromosome (BAC) library containing the entire sorghum genome. 
Since it is known that genes encoding starch branching enzymes in cereals share a 
high degree of homology (Gao et al. 1997; Rahman et al. 2001), we used 
heterologous barley sbeIIa and sbeIIb probes obtained from our laboratory to 
identify clones for both sbeIIa and sbeIIb in sorghum. 
 
The isolation of sbeIIb gene was done through a series of screening procedures, 
involving restriction digests and repeated probing with a barley sbeIIb gene-
specific fragment to detect positive genomic fragments. Four DNA fragments, 
totaling 7.8-kb, were cloned and sequenced. Blast search in the databases revealed 
that two overlapping fragments encompassed a 2.7-kb promoter sequence, first 
four exons and three introns of the sorghum sbeIIb gene (accession number 
AY304539). Further analyses on sequence comparison showed that sorghum 
sbeIIb shares a high nucleotide identity with sbeIIb genes from maize, rice, barley 
and wheat. The sorghum sbeIIb transcription start site was predicted using 
alignment with a maize sbeIIb cDNA. It was interesting to note that the genomic 
structure of sbeIIb is more closely related to that of maize sbeIIb  than barley 
sbeIIb. A striking difference between maize, sorghum and barley sbeIIb genes is 
the presence of the long (2064-nt) second intron in barley sbeIIb. The functional 
relevance of this long second intron is discussed in detail in Paper II, in this 
thesis. we noted  a high relatedness between the sorghum and maize sbeIIb genes, 
which leads us to suggest that the genes arose from a single sequence, conserved 
in the common ancestor of the two species. In agreement to our opinion, Hulbert et 
al. (1990) reported that the linkage relationship of polymorphism between maize 
and sorghum DNA fragments was highly conserved and the two genomes are very 
similar, although the maize genome has undergone rapid DNA duplication since 
the two species diverged. 
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Using the reverse transcription-PCR method, a 2664 nucleotide long fragment of 
sorghum sbeIIb cDNA was cloned and sequenced (accession number AY304540). 
The  sbeIIb cDNA clone contained the entire coding sequence, encoding 803 
amino acids. Alignment of the deduced amino acid sequence with sequences of 
barley SBEI and SBEII and sorghum SBEI, (Fig. 3 in Paper I), shows that the 
middle region of the SBEI and SBEII enzymes harbors the predicted catalytic sites 
of the conserved (α/β)8 barrel domain. From the alignment with maize SBEIIb, we 
predicted the cleavage site for the transit peptide in the sorghum SBEIIb, directing 
the enzyme to the plastid (Fig. 4 in Paper 1). 
 
Sorghum  sbeIIa genomic and cDNA sequences were cloned and sequenced 
using a similar process as done for sorghum sbeIIb and its corresponding cDNA. 
Based on Blast searches and alignment with related genomic sequences of 
Arabidopsis  sbe2.2  (accession number AL162506.1), maize sbeIIb (accession 
number AF072725) and wheat sbeIIa (accession number AF338431), it was found 
that the sorghum sbeIIa clone encompassed the first 9 exons and 8 introns.  
Southern blot analysis was performed to determine gene copy number of sbeIIa 
and sbeIIb using four restriction enzymes that cut once within the probes. The 
results consistently showed two hybridizing bands for each digest, clearly 
indicating that each of the two genes exists as a single copy in the sorghum 
genome. This is consistent with findings from rice, barley, maize and wheat 
(Yamanouchi & Nakamura, 1997; Sun et al., 1998; Kim et al., 1998; Rahman et 
al., 2001). 
 
 
2.2.  Expression of SBE in sorghum (Paper I & III) 
Expression profiles of genes involved in starch biosynthesis play an important role 
in determining starch structure and functional properties of the granules. In 
sorghum, we demonstrated that sbeIIb and sbeI genes are differentially expressed 
in the endosperm and embryo, the main storage organs for carbon reserve (Fig. 5, 
in  Paper I). Unlike sbeIIb, the sorghum sbeIIa was detected in both 
photosynthetic and non-photosynthetic organs (Fig. 4).  
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Figure 4. Spatial expression profiles for sbe genes in sorghum. Total RNA was isolated 
from endosperm (En), embryo (Em), leaf (Lv), stem (St) or roots (Rt) and probed with 
gbss1,sbeI, sbeIIa and sbeIIb. Sizes for the hybridizing transcripts are indicated. 
 
 
The variations in spatial expression of the sorghum sbe genes implys that the 
enzyme combinations participating in starch synthesis differ among the various 
plant organs. From spatial expression shown in Fig. 4, it can be seen that 
sbeIIb transcripts are obviously abundant in endosperm. Therefore, it is tempting 
to suggest that the branching activity of starch in the endosperm is mainly 
contributed by SBEIIb since it is more active in branching amylopectin than 
SBEIIa. The pattern in gene expression concurs with results reported by Gao et al. 
(1996), who found that sbeIIb in maize is highly expressed in endosperm and 
embryo while sbeIIa is constitutively expressed in all tissues. On the contrary, 
spatial expression pattern for  barley sbeIIb (Sun et al., 1998) and rice sbeIIb 
(Kawasaki et al., 1993) showed that the genes are endosperm specific. Whether 
sorghum and maize sbeIIb genes share the same regulatory mechanism, different 
from that regulating the barley sbeIIb or rice sbeIIb genes, is not yet known.  
 
Temporal expression patterns for sbeIIb and sbeI revealed that the transcript 
levels peaked at 16-24 days after pollination (DAP) (Fig. 6A, Paper I). This 
peaking period deviates from the one observed for barley sbeIIb which occurred 
around 7 to 17 DAP, while sbeI peaked at later stages of endosperm development 
(Sun et al., 1998). Similar variation in sbeI and sbeIIb expression levels was  also 
observed in maize (Gao et al., 1996). The expression profiles and maximum 
expression period of the sbe genes contribute greatly in determining quality and 
quantity of starch.  
Based on our data, together with known information about spatial expression of 
genes involved in starch biosynthesis, we propose a list of possible enzyme 
composition responsible for starch biosynthesis in source and sink tissues in 
sorghum (shown Fig. 5). 
 
 
 
 
  222.3.  Regulation of genes encoding SBEs  
To identify the minimum functional promoter sequences critical for sbeIIb 
expression in endosperm and embryo cells, we created a series of 5
′ deletions of 
the sbeIIb promoter by PCR amplification, and  fused the fragments to chimeric 
plasmid constructs, containing gfp as a reporter gene (Fig. 5, Paper II).  We 
introduced the resultant constructs into sorghum endosperm and embryos using 
biolistic transformation method. Deletions of the sequence upto -1023 had no 
noticeable effect on promoter activity, whereas further deletions down to -350 
resulted in a significant reduction in promoter strength. Based on these transient 
assays, we established that the minimal functional promoter for sorghum sbeIIb 
expression is approximately 350-nt upstream of the transcriptional start site.  
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Figure 5. A diagrammatic representation of enzymes involved in starch biosynthesis in 
sorghum tissues. A. Leaf. B. Cross section of a grain showing the endosperm. S represent 
sucrose. 
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To explore the possible regulatory elements responsible for sbeIIb expression, 
we analyzed the sorghum genomic DNA fragment containing the promoter region 
and identified several putative sequences important for gene expression in 
endosperm and embryo. Among these were SURE elements (A/TAAANA), W-
boxes (TGAC) and CAAAT motifs (CAAAAT) (Table I, Paper II). It has been 
proposed that many genes involved in starch biosynthesis are regulated by sugar 
availability and that a SURE element confers sugar responsiveness. 
Work done in our laboratory has shown that a sugar singling transcription factor 
in barley (SUSIBA2) binds to the SURE cis element in the isoamylase promoter, 
leading to activation in gene expression (Sun et al., 2003). However, the SURE-
like sequence in the sorghum sbeIIb promoter was located at a far distal position (-
1594 relative the transcriptional start site) compared to –253 in barley sbeIIb. As 
we suspected,  deletion of the region containing the SURE element in sorghum did 
not affect the sbeIIb promoter strength in transient gfp expression assays. To 
investigate the sugar responsiveness of sorghum sbeIIb, we conducted ectopic 
sbeIIb expression assays in barley and sorghum leaves and examined the 
transcripts by northern blot analyses. The analysis indicated that sorghum sbeIIb 
was not sugar-inducible and suggested that the SURE-like sequence located at the 
distal position is not an important regulatory element. The promoter deletion 
studies further indicated that the w-box and CAAAT motif was not required for 
high-level expression of the sbeIIb gene in sorghum endosperm or embryo. 
 
Previous studies in our laboratory (Sun et al., 2003; Ahlandsberg, Sun & 
Jansson 2002) indicated that the long second intron in barley sbeIIb is partly 
responsible for the endosperm-specificity in gene expression.  Based on these 
studies, we made three chimeric plasmids containing functional promoters of 
sorghum sbeIIb and barley sbeIIb and sbeIIa, with or without the second intron, 
and introduced the constructs into barley and sorghum embryo and endosperm 
using the biolistic transformation system. Interestingly, the presence of the intron 
in all constructs abolished gfp expression in both sorghum and barley embryos, 
while embryo and endosperm cells transformed with constructs lacking the intron 
showed  gfp expression. These findings confirm that the barley sbeIIb second 
intron is responsible for conferring endosperm specificity in sbeIIb gene 
expression and, that, possibly, the same repressor factor acting in barley embryo is 
also present in sorghum embryo. 
 
The above data prompted us to search for a sorghum orthologs to the SUSIBA2 
transcription factor (Sun et al., 2003). In an effort to address this task, we cloned 
and characterized a novel WRKY transcription factor gene, which is 
predominantly expressed in leaf. Alignment of the amino acid sequence deduced 
from the cloned cDNA fragment with other WRKY proteins revealed presence of 
two WRKY domains and one zinc finger-like motif, confirming that the protein 
belongs to class 1 of the WRKY transcription factors. Its relatedness with a rice 
repressor factor and SUSIBA2 leads us to suspect that the SbWRKY1 may be 
playing a role in regulation of genes involved in carbohydrate metabolism. This 
work opens room for further characterization to establish the specific role of 
SbWRKY1 in plant developmental processes. 
In Paper IV, we undertook to examine expression profiles of genes involved in 
starch biosynthesis and starch structure in different sorghum cultivars in order to   25
gain more insight on their starch metabolism in endosperm and embryo tissues. 
The cultivars used in this study were KariMtama1 (white cultivar) and Serena and 
Seredo (brown cultivars). From the analysis, we observed that gbssI, sbeI, sbeIIa 
and  sbeIIb were highly expressed in KariMtama1 and barely undetectable in 
Serena and Seredo. Since the enzymes encoded by these genes are involved in 
starch synthesis in the endosperm, it is therefore likely that the observed gene 
expression levels contribute to higher yields in KariMtama1. 
 
Preliminary results on starch analysis showed that majority of the granules in 
KariMtama1, unlike in Serena and Seredo were A-type and contained high levels 
of amylose. However, it has been noted that most farmers in east African region 
prefer brown to white cultivars. The reason could be partly due to traditional 
beliefs. According to some African cultures, brown or pigmented sorghum is 
preferred to produce certain foods for special occasions. In addition, thick 
porridge prepared from brown sorghum is believed to stay longer in the stomach 
and it is also thought to be a curative against diseases of the digestive system. The 
brown characteristic of the sorghum grains is a result of high levels of 
phytochemicals such as tannins, phenolic compounds and anthocyanins. Although 
these phytochechemicals particularly tannins, reduces digestibility of sorghum 
starch, they offer beneficial health characteristics such as reducing risk of certain 
cancer types. However, further characterization of brown and white sorghums is 
required to determine more desirable characteristics, which contribute to farmer’s 
preference on cultivars for production and utility. 
 
 
2.4.  Diurnal oscillation of sbe genes  
In the study described in Paper III, we showed that expression of the sbe genes in 
sorghum endosperm exhibit a diurnal rhythm with a maximum level of activity 6-8 
h after the onset of light. The oscillation was maintained also in dark-adapted 
cultured spikes. From these findings, we conclude that sorghum endosperm 
contain an oscillator that regulates the activity of the sbe genes, possibly in 
anticipation of the influx of sucrose from the source. 
 
 
2.5.  Conclusion 
The genomic and cDNA sequences of sbeIIa and sbeIIb genes were isolated and 
characterized. 
 
The spatial and temporal expression profiles of sorghum sbe  genes were 
determined. Sorghum sbeI and sbeIIb exhibit a seed-specific expression while 
sbeIIa is constitutively expressed in source and sink tissues. The activity of all 
these genes show late onset with a peak around 22 days after pollination. 
 
Using deletion mutagenesis of the sorghum sbeIIb upstream region, it was found 
that a 350 bp-long sequence, relative to start of transcription, is the minimal 
functional promoter size that could support low-level gene expression. 
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Transient expression assays of gfp reporter constructs introduced into sorghum 
and barley embryo and endosperm cells demonstrated that the barley sbeIIb 
second intron confers endosperm-specific expression in both homologous and 
heterologous systems. 
 
Diurnal expression patterns of sorghum sbeI, sbeIIa and sbeIIb indicate that an 
oscillatory mechanism regulates the sbe genes in sorghum endosperm.  
 
 
2.6.  Future perspectives 
 
Grain yield and quality are the most important factors limiting food sufficiency in 
the world to date. Sorghum, as already indicated, has an opportunity with input 
from molecular and biotechnological approaches to supply a greater share of the 
world’s grain demand, and as an inexpensive source of starch. To be able to 
improve starch quality in sorghum through genetic approaches, it is probably 
rewarding to perfect regeneration and transformation protocols for elite cultivars. 
This study, together with a powerful approach to control gene expression in 
specific cell types, will be an invaluable gain towards future improvement in 
sorghum productivity.  
 
Further understanding of interactions between environment and genetic factors, 
related to starch accumulation, needs to be gained in order to maximise the genetic 
potential of sorghum. It is also important to study the interactions among enzymes 
such as starch synthases and starch branching enzymes during endosperm 
development in order to shed some light on the best choice of enzymes to target 
during transformation events. 
 
In contributing to our knowledge regarding starch metabolism, it is worthwhile to 
explore and quantify the contribution of individual enzymes towards grain yield 
and starch composition in sorghum. 
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